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The mechanism of free energy coupling in active transport is discussed with special reference to the 
sarcoplasmic reticulum Ca ‘+-ATPase. In the current working schemes for cation transport ATPases, free 
energy transduction is nearly always based on enzyme conformational changes. The principal objective of 
the present article is to examine whether recent experimental results on Ca*+-ATPase may in fact be better 
explained by assuming the existence of a direct chemiosmotic process. In the scheme proposed, free energy 
transduction between ATP and calcium is based on a transfer of solvation water between the acyl- 
phosphate bond and the bound calcium ions. 




This paper deals with the mechanism of free 
energy transduction coupled to vectorial processes 
in transport ATPases. It is concerned in particular 
with the Ca2’-ATPase of sarcoplasmic reticulum, 
but this discussion may be significant for other 
transport ATPases, especially for those in which a 
phosphorylated intermediate has been determined. 
The sarcoplasmic reticulum Ca’+-ATPase 
catalyses the two following reactions (1,2): 
E~AlP--_~ATP-EE-P+ADP-E+ P, +ADP 
E * Ca$ k= E Ca ms E + Ca2’ 
In 
More than two decades of work indicate that these 
two reactions are tightly coupled proceeding syn- 
chronously step by step. This coupling enables the 
Ca’+-ATPase to convert chemical into osmotic 
energy with high efficiency. The theoretical dif- 
ficulties in designing realistic working schemes for 
transport enzymes are different from those for 
typical biochemical reactions. Firstly because only 
free energy is apparently transferred between the 
energy-donating (1) and the energy-accepting reac- 
tion (2); secondly because it is not simple to im- 
agine how the ion can be transported over a large 
distance through the membrane. Consequently 
there has been a general tendency to invoke com- 
pletely indirect coupling between the reactions (1) 
and (2) In general it has been proposed that the 
phosphate transfer reaction and the ion transport 
occur in physically separated and specialized do- 
mains of the enzyme and that one key conforma- 
tional transition of the protein provides the link 
between the events occurring within these two do- 
mains [l-4]. 
In the first part of this article, recent experimen- 
tal results on Ca 2+-ATPase wiI1 be briefly discuss- 
ed. It will be shown that trying to use these data 
within the general framework of a completely in- 
direct conformational coupling leads to an increas- 
ing complexity of the reaction scheme. This type of 
scheme has to be modified to such a point that its 
meaning may be almost completely lost. 
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In the second part of this article a mechanism 
will be presented and discussed in which the free 
energy transduction process is not associated with 
one particular conformational change of the en- 
zyme. It will be shown that free energy transduc- 
tion and vectorial processes in transport ATPases 
may readily be explained by the chemical and 
solvation properties of the substrates. This type of 
mechanism is very close to that advocated in [5,6]. 
2. CONFORMATIONAL COUPLING 
The central question on the mechanism of 
transport ATPases concerns the nature of the 
coupling between osmotic and chemical forces. 
The most precise schemes used so far for plasma 
membrane transport ATPases are of the family of 
so-called mechanochemical schemes where a major 
conformational change is supposed to cause the 
ion binding sites to be alternatively exposed to one 
or the other side of the membrane with a syn- 
chronous change in reactivity of the acyl-phos- 
phate intermediate. This key role allocated to the 
enzyme conformation is the basis of the E + E* 
scheme of sarcoplasmic reticulum Ca’+-ATPase 
[1,2] and of the closely related El 6 E2 scheme 
of (Na+,K’)-ATPase [3,4]. The basic proposals of 
this two-state scheme are summarized in scheme 3 
for the Ca’+-ATPase: 
E + ATPe E ATP=E- P + ADP 
E* + P, - Es-P + H,O 
Table 1 
The E + E* isomerization of Ca2+-ATPase 
was indeed detected by following the intrinsic 
fluorescence of the protein [7] and it was found 
that, as proposed in [2], the equilibrium between 
the two conformers is dependent on cytoplasmic 
calcium concentration. Many other studies then 
followed, indicating that nearly all other known 
substrates of Ca2+-ATPase (ATP, ADP, Pi and 
Mg2+) have a significant effect on the protein con- 
formation. It is beyond the scope of the present 
paper to report these results in detail and a recent 
review may be found in [8]. The most important 
contribution of the fluorescence techniques has 
been to permit accurate kinetic measurements not 
feasible with other biochemical techniques. In re- 
cent years very precise fluorescence experiments 
have been designed to investigate the reaction 
scheme of Ca2+-ATPase [8]. In many aspects, the 
results do not support the simple two-state scheme 
as described in table 1. 
The most important results reported so far are: 
(0 
(ii) 
The detailed sequence of calcium binding im- 
plies that, at least for the unphosphorylated 
enzyme, one half of the high affinity calcium 
binding sites are always rapidly accessible 
from the cytoplasmic side of the vesicles (91. 
This observation clearly conflicts with the 
situation described in table 1. 
The E-P - E*-P conversion is not 
associated with reversal of the conformational 
change observed during the E* - E 
transition. 
(iii) A third conformational state E** should be in- 
troduced which is stabilized by either ATP 
binding or phosphoenzyme formation (in- 
dependently of the ‘energy content’ of the 
phosphoenzyme formed) [lo]. 
A consequence of this is that, during turn-over 
and in the presence of moderate ATP concentra- 
Conformation Calcium sites Phosphoenzyme 
E High affinity E - P ‘high energy’ 
accessible from the cytoplasm reacting with ADP 
E* Low affinity E*-P ‘low energy’ 
accessible from the inner side reacting with water 
15 
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tions, the enzyme undergoes no sizeable intrinsic 
fluorescence change and is stabilized in the in- 
termediate state E** with very low probability for 
the existence of the other two states E and E* [lo]. 




I AIP Jl______________~~_1 
,t _ P, ’ ;I,0 
We recently proposed [8] that these results could 
be reconciled with the classical E ti E* scheme by 
assuming that the active ATPase is a dimer and 
that during turn-over the enzymatic state E** 
which is accumulated corresponds in fact to the 
hybrid intermediate E .E*. The observation that 
the conformation of the enzyme is apparently 
stable during turn-over is in favor of a model 
where the two subunits are describing the E = E* 
cycle out-of-phase (flip-flop). The soundness of 
such a model is presently not easy to test. 
Moreover other independent proofs for the ex- 
istence of a functional dimeric association are lack- 
ing and also some properties of the intermediate 
E** state are unique and as such can in no simple 
way be explained by hybrid association of E and 
E*: 
(i) 
These properties are: 
In the intermediate phosphorylated state: 
E**-P, the ion binding sites are occluded 
(i.e., inaccessible from both sides of the mem- 
brane) [ll]; 
Changes in the reactivity of the acyl-phos- 
phate intermediate (E**-P to E**-P) appear 
to be linked to local changes in hydration of 
the active site [ 12,131. These changes have 
been detected with a fluorescent analog of 
ATP and occur only when the enzyme is 
stabilized in the E** conformation. 
(ii) 
It is not clear how further amendments of the 
E== E* scheme, exclusively based on conforma- 
tional coupling, could take into account these last 
data. These considerations are obviously not suffi- 
cient to definitively reject the conformational 
coupling hypothesis. In what follows, however, an 
alternative possibility will be investigated where, as 
advocated in [5], the enzyme conformational 
changes are not mechanically coupled to the ion 
translocation process but are simply a way for the 
enzyme to optimize interactions between the 
substrates bound in the catalytic site. In this 
hypothesis the stabilization of the intermediate 
configuration adopted by the enzyme during turn- 
over would be analogous to the accumulation of 
the transition state in more classical enzymatic 
reactions. The vectorial nature of the transport 
process should be, in this hypothesis, a direct con- 
sequence of the chemical properties of the reac- 
tants or of the geometry of the active site. 
3. CHEMIOSMOTIC COUPLING 
3.1. The phosphate transfer reaction 
During the turn-over cycle of the Ca2+-ATPase 
enzyme the terminal phosphate of ATP is transfer- 
red to water through a relatively well defined 
pathway (see scheme 3). (For simplicity the 
nomenclature in [l] will be used.) The phosphate 
bond in the E-P state is referred to as ‘high 
energy’ because of its ability to react reversibly 
with ADP to form ATP. This is not the case for 
the E*-P or ‘low energy’ intermediate which can 
only react with water to liberate Pi. It is therefore 
thought that it is during the E-P to E*-P transi- 
tion that the free energy of the phosphate bond is 
lost and utilized to raise the chemical potential of 
the calcium ions bound to the protein. 
Authors in [12] proposed that the apparent 
energy content of the acyl-phosphate bond is 
dependent on the water activity within the active 
site. This hypothesis is based on the work in 1141 
and [15] in which it was calculated that solvation 
energies of the reactants are the predominant fac- 
tors determining the free energy content of energy- 
rich compounds. 
We have recently confirmed the hypothesis in 
[12] and observed that the E-P to E*-P transition 
and phosphorylation by Pi (E* + Pi 6 E*-P) was 
associated with a significant reduction in polarity 
of the active site accompanied by liberation of a 
large number of water molecules [ 131. A conse- 
quence of this process is that the ‘low energy’ 
phosphate bond E*-P is likely to be completely 
isolated from solvent water. According to the 
16 
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calculations in [ 151 this leads to the formation of 
a stable ‘low energy’ bond. The experiments 
described in [13] have an essential role in the pre- 
sent discussion since the following facts were 
observed: 
(i) The change in hydration (or polarity) 
undergone by the catalytic site during the E-P 
to E*-P transition which is the heart of the 
energy transduction process, according to the 
discussion above, is not associated with a 
significant conformation change of the pro- 
tein [8, lo]; 
(ii) The largest conformational change so far 
observed by following the intrinsic 
fluorescence of the protein (E* + Ca ;=r 
E . Ca) has no effect on the polarity of the ac- 
tive site; 
(iii) The change in hydration described in (i) is ap- 
parently associated with binding or dissocia- 
tion of Ca2+ from internal low affinity sites 
(& = IO n&I). 
The first two points reinforce the idea developed 
at the end of the preceding section that there could 
be no direct link between conformational changes 
and ion transport. 
The last point leads to the next question: could 
the change in hydration of the phosphorylation site 
be triggered by direct binding or dissociation of 
Ca2+ and Mg2+ within the catalytic site? The 
likelihood of such a mechanism will now be 
examined. 
3.2. Calcium binding 
Calcium ions exhibit 3 main forms of associa- 
tion with the Ca2+-ATPase enzyme: a strong 
association to its cytoplasmic sites, an occluded 
form where Ca2’ can be only very slowly exchang- 
ed and a weak association to inwards accessible 
sites. What needs to be understood in chemical 
terms is the precise meaning of these different 
associations. 
3.2.1. Ca2+ and water 
It is known that metal ions in water form struc- 
tured complexes with hydration water; complexes 
formed by calcium are relatively labile so that 
hydration numbers varying from 4 to 9 have been 
reported by various techniques [16-191. In 1191, 
using neutron diffraction, authors reported that 
the aquo-calcium complex is most probably hexa- 
coordinated as reported for magnesium and other 
metal ions [18]. 
3.2.2. High affinity calcium sites 
The high affinity calcium sites of Ca2+-ATPase 
are very selective for Ca2+ with an association con- 
stant around 3 x lo6 M-i. The process of high af- 
finity binding to free ligands in water [20], to 
liposoluble antibiotics [21] and to calcium binding 
proteins whose crystal structure is known [22] is 
relatively well understood. As for the formation of 
complex metal ions [23,24] it involves the substitu- 
tion of coordinated water molecules of the oc- 
tahedral aquocalcium, [Ca(H20)6]“, by stronger 
coordination bonds with chelating groups of the 
ligand. Various coordination numbers have been 
reported to occur after association [22], but ap- 
parently high affinity binding implies a nearly 
complete dehydration of Ca2+. It is very likely that 
binding to the high affinity sites of Ca2+-ATPase 
proceeds via a similar process. This idea is further 
substantiated in [25] where the electron spin relax- 
ation of gadolinium ions bound to the high affinity 
sites of Ca’+-ATPase were measured. They sug- 
gested that the bound gadolinium ions are much 
less hydrated than in solution and that the binding 
sites have a reduced accessibility of solvent water. 
3.2.3. Occluded calcium 
Calcium ions bound to the external high affinity 
sites become very slowly exchangeable after 
phosphorylation by ATP [11,26-291 (J&h. < 
0.1 s-l). A third occluded metal ion binding site 
was also found normally occupied by Mg2+ which, 
however, can be replaced by calcium when 
Ca-ATP is used as a substrate in magnesium-free 
medium [l 11. When Mg-ATP or Ca-ATP are 
added to an enzyme saturated with calcium the rate 
of metal ion occlusion is extremely fast and occurs 
at the same rate as that of phosphoenzyme forma- 
tion, within the first millisecond of ATP addition 
[11,26]. On the other hand, phosphorylation can 
only occur when the 3 metal ion binding sites are 
occupied (at least 2 of them with calcium). The 
catalytic action of divalent cations on phosphoryl 
transfer is a well documented subject which has 
been studied in detail in enzymes and model 
systems [30-331. It has also been demonstrated 
that phosphoryl transfer reactions in Ca2+-ATPase 
proceed via an in-line Sn2 displacement reaction 
17 
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[34] with the probable transient formation of a 
pentavalent ransition state. As proposed in [33], 
this process may be catalyzed by the presence of 
electrophilic groups whose role is to stabilize the 
transition state and lower the activation energy of 
the phosphoryl transfer reaction. These elec- 
trophilic centers may be acidic residues but also 
metal cations bound by other coordination bonds 
to the protein. 
It is proposed here that the 3 metal ions catalyz- 
ing the phosphorylation of CaZf-ATPase are 
bound close to the phosphorylation site in such 
positions that they may form a good template for 
the 3 planar coordinations of the pentavalent in- 
termediate. After phosphoenz~e formation and 
release of ADP the 3 divalent cations would re- 
main strongly associated with the phosphate so 
that they become much less exchangeable (occlud- 
ed). A close association between magnesium, 
monovalent cations and phosphate was also pro- 
posed for the (Na+,K+)-ATPase by authors in 
[32,35-381 who measured, by EPR and NMR, that 
55 Mn, 205 Tl, 7 Li and 3 1 P were confined within 
less than 10 A in the active site of this enzyme. 
3.2.4. Low affinity calcium sites 
The existence of inner low affinity calcium sites 
has been postulated to account for the effect of 
millimolar internal calcium concentrations on the 
E*-P to E-P conversion [2]. The topology of the 
enzyme implies that, to reach the active site of the 
protein from the inner side of the vesicles, the ions 
have to move through the membrane over a 
relatively long distance (40-50 A) most probably 
through some kind of channel formed within the 
hydrophobic tail of the Ca2+-ATPase. Indeed, it 
has been reported that membrane-bound tryptic 
fragments of Ca’+-ATPase can form calcium 
channels with low specificity compared to other ca- 
tions 1391. The low apparent affinity for the effect 
of internal calcium and the low specificity of the 
channel most probably indicate that the 
mechanism of association between internal 
calcium and the Ca2+-ATPase does not involve 
first sphere coordination bonds. In other words 
this means that during their travel through the 
channel formed by the protein, Ca2+ is hydrated 
and able to form only outer sphere weak bonds 
with the amino acid residues. It is clear that a more 
specific coordination bond would have the effect 
18 
of strongly reducing the mobility of the 
transported ion during its transit. The fact that 
water molecules and ions have to comigrate 
through protein or protein-like channels is not 
new, and has been studied in detail for gramicidin 
and for the, potassium channel of sarcoplasmic 
reticulum [40-421. Six water molecules in the first 
case and 2-3 in the latter have been reported to be 
associated with each single transported 
monovalent cation. No such data exists for 
calcium channels but the higher charge of the 
calcium ion makes this process even more 
plausible. 
3.3. Water as a source of c~e~~~s~ot~c co~~~i~g 
After the discussion above and the work in 
[2,12] and [13], it has become clear that any reac- 
tion scheme of Ca’+-ATPase should now be 
rewritten to include explicitly the interaction of 
both soluble and bound substrates with water. As 
discussed above the decrease in phosphoe~yme- 
free energy is probably associated with dehydra- 
tion of the acyl-phosphate bond, It is proposed 
here that the lost water molecules are transferred 
to the hydration shell of the bound Ca2+, resulting 
in a modification of the bonds formed by the 
transported ion and a lowering of its association 
constant with the enzyme. It is important to 
understand that this structural modification of the 
transported species may well be a way for the en- 
zyme to create a vectorial reaction. This will hap- 
pen if the transit through the high affinity 
cytoplasmic access is only allowed for the 
dehydrated form of calcium and if the only choice 
for the rehydrated ion to leave the active site is to 
pass through an ion channel opening to the inner 
side of the vesicle. 
The foliowing working scheme (5) is therefore 
proposed (p. 19). 
Species in square brackets represent solvated 
substrates. For clarity, phosphate transfer and 
calcium translocation reactions have been 
represented separately. Binding of the substrates is 
uncoupled so that association of [ATP], [Pi], 
[CaJ$Z, and [Cal?: can occur randomly, inducing 
the conformational changes observed by measur- 
ing the protein fluorescence. Coupling between the 
two reactions is represented on this scheme by the 
steps 1 and 2. Step 1 represents the coupling bet- 
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ween phosphoenzyme formation and calcium oc- 
clusion, and step 2 the coupling between the ‘high 
energy’ to ‘low energy’ phosphate bond conversion 
and calcium translocation. By doing this, it is not 
meant that free energy transduction is specifically 
localized within this latter step. Indeed the fact 
that phosphate and calcium ions are not ex- 
changeable after step 1 prevents an evaluation of 
their individu~ chemical energies. On the other 
hand, transfer of solvation water has been ar- 
bitrarily located in step 2 although sharing of water 
molecules may have occurred before this step. 
One of the most remarkable properties of an ion 
pump following the scheme proposed above is that 
it also behaves as a water pump. Eighteen water 
molecules, at least, have been reported to enter the 
catalytic site during the rehydration process 
associated with’Pi release [13]. A large fraction of 
these is probably transported through the mem- 
brane at the end of the next cycle in association 
with Ca*‘, this pathway of water is represented as 
a heavy line in scheme 5. The dashed lines repre- 
sent the parts of the cycle where the calcium bind- 
ing and phosphorylation sites experience low water 
activity. 
4. CONCLUSIONS 
The ideas developed in the preceding section are 
at present mainly hypothetical. It is, however, the 
objective of this article to propose a consistent and 
precise chemiosmotic scheme which can account 





be tested in future experimental work. As a work- 
ing hypothesis, it is proposed that free energy 
transduction between ATP and calcium is based on 
a transfer of solvation water between the 
acyl-phosphate intermediate and calcium while 
bound in the active site of the enzyme, without im- 
plying an obligatory conformational transition of 
the protein. To make this system feasible, the en- 
zyme must have the following properties: 
0) 
(ii) 
The Cat+-ATPase enzyme needs to possess an 
active site where calcium, magnesium, 
phosphate and water can interact at close 
range. The conformational changes observed 
in earlier work only serve for the enzyme to 
bind specifically the substrates and to optimize 
their interactions; 
The active site is accessible to calcium via two 
asymmetric ‘channels’: the first access opens 
to the cytoplasmic side of the enzyme and con- 
tains the high affinity specific calcium sites 
(selectivity filter), access via this route imply- 
ing dehydration of Ca*‘; the second access is 
an ion channel probably buried within the tail 
of the enzyme and opening to the inner side of 
the vesicle. To travel through this channel 
Ca*+ should be rehydrated at the expense of 
the acyl-phosphate intermediate. 
A final remark concerns the possibility that 
Ca’+-ATPase may indeed exchange calcium for 
one or more cations. This point is an open debate 
which has been deliberately neglected in this arti- 
cle. The observation that potassium ions activate 
dephosphorylation ]2] and a recent report showing 
that Ca*+-ATPase catalyzes a monovalent cation 
exchange [43] make the existence of an inverse 
potassium transport plausible. This process may be 
included in scheme 5 by assuming that dissociation 
of phosphate and rehydration of the active site 
after calcium transport can be accelerated by an 
entry of hydrated potassium ions through the ion 
channel. This is obviously different from a re-entry 
of hydrated calcium which would simply have the 
effect of promoting a reverse -P to [-PI transi- 
tion; this ion selectivity is plausible since potassium 
ions have an hydration number and an hydration 
radius different from that of calcium [ 161 and may 
be unable to establish the correct interactions with 
phosphate. It is clear that this kind of mechanism 
may serve as a model for other transport ATPases 
and particularly for (Na+,K+)-ATPase. 
19 
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